Abstract: In this paper, three hybrid modulation schemes for visible light communication based on orthogonal frequency division multiplexing (OFDM) are compared, which are asymmetrically clipped dc-biased optical OFDM, hybrid asymmetrically clipped optical OFDM, and layered asymmetrically clipped optical OFDM (LACO-OFDM). The following aspects are analyzed and compared, such as the probability distribution functions, the peakto-average power ratio, and the bit error ratio performance in terms of optical bit energy to noise power under different conditions. Furthermore, the optimal proportion of the optical power on different layers for LACO-OFDM is also investigated. Simulation results show that LACO-OFDM has better performance than other hybrid schemes in high signal-to-noise ratio (SNR) scenario, and the improvement is slight when more than four layers signals are utilized, while in low SNR condition, LACO-OFDM with two layers performs better than that with more layers.
Introduction
Motivated by the rapid development of light emitting diodes (LEDs), visible light communication (VLC) has been considered as a promising technology due to its features such as broad license-free bandwidth, low cost, no harm to health, and privacy protection [1] - [3] . Single-subcarrier schemes are simple for application with low complexity, such as on-off-keying (OOK) and pulse position modulation (PPM) [4] - [6] . Recently, orthogonal frequency division multiplexing (OFDM) technique has been widely used in VLC with its advantages of resistance to inter symbol interference (ISI), and it is more optical power efficient than single-subcarrier schemes [7] , [8] .
VLC systems use intensity modulation and direct detection (IM/DD), where the transmitted signal is modulated onto the intensity of light [9] . Therefore, the OFDM signal designed for VLC has to be real and non-negative. In order to obtain the real signal, the input signal in the frequency domain usually satisfies the Hermitian symmetry property. After inverse fast Fourier transform (IFFT), the signal should be ensured to be unipolar, which could be achieved by adding a DC bias in DC biased optical OFDM (DCO-OFDM) [10] , or by clipping the negative part of the output signal directly based on its anti-symmetric features in asymmetrically clipped optical OFDM (ACO-OFDM) [11] and pulse-amplitude-modulated discrete multitone (PAM-DMT) [12] . However, there are disadvantages in these conventional schemes. For example, DCO-OFDM is not efficient in terms of optical power [13] , while only half of the subcarriers and signal dimensions are utilized in ACO-OFDM and PAM-DMT, respectively, which leads to a spectral efficiency loss.
Several strategies have been proposed to improve the conventional schemes. In [14] , asymmetrically clipped DC biased optical OFDM (ADO-OFDM) is developed, where the ACO-OFDM is transmitted on the odd subcarriers and the DCO-OFDM is transmitted on the even subcarriers. A hybrid ACO-OFDM (HACO-OFDM) is also described by modulating ACO-OFDM only on odd subcarriers and utilizing PAM-DMT only on the imaginary part of the even subcarriers in [15] . More recently, a new technique, layered ACO-OFDM (LACO-OFDM) or enhanced ACO-OFDM (eACO-OFDM) is proposed in [16] - [18] by combining different layers of ACO-OFDM signals, which can improve the spectral efficiency by up to 2 times with the increment of the computational complexity and has been experimentally demonstrated over a fiber link in [19] . Similarly, an enhanced unipolar OFDM (eU-OFDM) is proposed in [20] , which combines multiple unipolar data streams in order to improve the spectral efficiency of U-OFDM. At different depth, each U-OFDM frame is repeated different times without any interference in demodulation process for lower depth. Moreover, some optical multiple input multiple output (MIMO) solutions are proposed to improve the whole system spectrum efficiency, such as non-DC-biased OFDM (NDC-OFDM) in [21] and generalized LED index modulation optical OFDM (GLIM-OFDM) in [22] .
Conventional ACO-OFDM and DCO-OFDM are compared in [13] . In [23] , comparisons of ACO-OFDM, DCO-OFDM, and ADO-OFDM are presented in terms of probability density function (PDF) and optical power efficiency. In [24] , LACO-OFDM with 3 layers, ACO-OFDM, PAM-DMT, DCO-OFDM, ADO-OFDM, and eU-OFDM are compared with equal optical powers. In this paper, the comparisons of hybrid ACO-OFDM-based modulation schemes are the main concerns. The comparisons are made on the assumption that the proportions of the out-of-limit signals are all the same, considering the restrictions of the whole dynamic range [25] . On the one hand, peak-to-average power ratio (PAPR) is taken into consideration for the comparisons, since high PAPR results in signal distortion, which is the major flaw of OFDM. On the other hand, the bit error rate (BER) performance of LACO-OFDM depends on the optical power allocation of different layers, which is investigated by theoretical analysis and computer simulations in this paper. Since the performance of LACO-OFDM would vary with the layer number, the optimal amount of layer is also analyzed and could be achieved by simulations of LACO-OFDM with different layers.
The rest of this paper is organized as follows. In Section II, the conventional optical modulation schemes, i.e., ACO-OFDM, PAM-DMT, and DCO-OFDM, are briefly introduced, while the hybrid ACO-OFDM-based modulation methods, such as HACO-OFDM, ADO-OFDM, and LACO-OFDM, are also presented. The comparisons in terms of PDF of the hybrid modulation methods as well as a detailed analysis of LACO-OFDM are provided in Section III. In Section IV, simulation results of optimal power allocation for LACO-OFDM and comparisons of the hybrid modulation schemes in terms of PDF, PAPR, and BER performance are presented. The paper concludes in Section V.
Optical Modulation Schemes
In this section, conventional ACO-OFDM, PAM-DMT, and DCO-OFDM schemes as well as hybrid modulation schemes such as HACO-OFDM, ADO-OFDM, and LACO-OFDM are described.
Conventional Schemes

ACO-OFDM:
In ACO-OFDM, only the odd subcarriers carry data while the even subcarriers are set to zeros in the frequency domain. The input signal to the N -point IFFT, X, consists of only odd components and satisfies the Hermitian symmetry as 
. The time-domain signal x n has the anti-symmetric property as x n = −x n+N /2 , (0 ≤ n < N /2). The ACO-OFDM signal, x ACO,n , is ensured non-negative by clipping the negative part without losing any information as
In [11] , it has been proved that the clipping noise only falls on the even subcarriers, which will not affect the demodulation of the transmitted data.
PAM-DMT:
In PAM-DMT, signals drawn from PAM are used to modulate the imaginary part of each subcarrier except the 0-th and N /2-th subcarriers. The input to the IFFT block can be represented as
is the real-valued PAM signal and i 2 = −1. As shown in [15] , the time-domain signal y n follows the symmetry as y n = −y N −n , (0 ≤ n < N /2). Therefore, PAM-DMT signal y PAM,n can be clipped at zero without any loss of information as
The data could be exactly demodulated from the imaginary part of the subcarriers at the receiver based on the fact that the clipping noise only falls on the real part of each subcarrier [15] .
DCO-OFDM:
In DCO-OFDM, the signal z n generated by the IFFT is guaranteed to be positive by adding a DC bias, B DC . After the superposition, the remaining negative signal will be clipped at zero, leading to a clipping noise, c n , which depends on the DC bias. Then, the transmitted DCO-OFDM signal z DCO,n is given by
Moreover, B DC is usually relative to the electrical power of the signal z n , and B DC = μ E z 2 n , where μ is a proportional constant and B DC is defined as 10log 10 (μ 2 + 1) dB.
Hybrid Schemes
Figs. 1 and 2 illustrate the transmitters and receivers of HACO-OFDM, ADO-OFDM, and LACO-OFDM, respectively. 
HACO-OFDM:
In HACO-OFDM approach, ACO-OFDM is transmitted on the odd subcarriers while PAM-DMT is conveyed on the even subcarriers. As presented in Fig. 1 , the signal from the first block is the same as the conventional ACO-OFDM. The data of the second block is mapped using PAM, which occupies only the even subcarriers. After clipping the negative part individually, the signal from the second block is added to the first one, generating the transmitted HACO-OFDM signal in the time domain, s HACO,n , as
Considering the fact that the clipping noises caused by ACO-OFDM and PAM-DMT fall on the even subcarriers and the real part of the even subcarriers, respectively, the ACO-OFDM could be demodulated by the conventional method. Thus, at the receiver, the received signal, r HACO , consists of the transmitted signal, s HACO , and the noise. As illustrated in Fig. 2 , after the FFT operation, the ACO-OFDM signal can be directly detected by the odd subcarriers multiplied by a factor of 2. Then the clipping noise, C ACO , could be estimated by re-generating the ACO-OFDM signal, which will be then subtracted from the original received signal and assist the demodulation of the PAM signal. The final output data, d HACO , can be obtained once the PAM-DMT and ACO-OFDM signals are decoded.
ADO-OFDM:
In ADO-OFDM scheme, ACO-OFDM is combined with DCO-OFDM instead of PAM-DMT in the HACO-OFDM system. As shown in Fig. 1 , the time-domain ACO-OFDM and DCO-OFDM signals are generated separately. Then, the transmitted signal, s ADO,n , is obtained by adding them together as
At the receiver, the ACO-OFDM signal is first detected as that performed in the conventional ACO-OFDM. Then, the clipping distortion can be estimated and subtracted in order to demodulate the remaining DCO-OFDM signal.
LACO-OFDM:
In [16] , a novel hybrid LACO-OFDM scheme is introduced which consists of many layers of ACO-OFDM signals. L -Layer LACO-OFDM denotes a LACO-OFDM with L layers, while l-th ACO-OFDM refers to the l-th layer in LACO-OFDM.
In LACO-OFDM, the data signals are divided into different layers, where each layer is achieved by ACO-OFDM scheme in the time-domain with different repeated times. The first layer is the conventional ACO-OFDM, denoted as x
subcarriers are modulated, the timedomain signal is represented as
where
k . Apparently, x n has periodicity and can be generated by repeating x 
Considering that in conventional ACO-OFDM which utilizes (2k + 1)-th (k = 0, 1, ..., N /2 − 1) subcarriers, the clipping distortion falls on the 2k-th (k = 0, 1, ..., N /2 − 1) subcarriers, in the l-th ACO-OFDM which occupies 2
l − 1) subcarriers are affected, which are used in higher layers. For the l-th layer, the clipping noise from all the lower layers, C
ACO , could be estimated in proper order, and should be subtracted, resulting in R (l) ACO . Then, the final estimation of the l-th layer, X (l) ACO , could be achieved. Therefore, at the receiver, as shown in Fig. 2 , the transmitted signals are detected from the 1st layer to the L -th layer sequentially.
Analysis of Hybrid Optical Modulation Schemes
In VLC systems, one of the main challenges for OFDM modulation is the nonlinearity of LEDs, which can be mitigated by some methods and the LEDs can be considered quasi-linear in a limited range [26] . The comparisons among different modulation schemes are made with the same proportions of out-of-range signals, which depend on the PDFs. Thus, in this section, the PDFs of hybrid optical modulation schemes are calculated and compared theoretically. Besides, a near-optimal power allocation for LACO-OFDM is also investigated for the comparisons of BER performances.
For a time-domain signal x n in VLC, the optical power, P op t , is proportional to E {x n } while the electrical power, P elec , depends on E {x 2 n }. Thus without loss of generality, it can be defined that P op t = E {x n } and P elec = E {x 2 n }.
PDFs of ADO-OFDM, HACO-OFDM and LACO-OFDM
Based on the central limit theorem, the PDFs of conventional ACO-OFDM, PAM-DMT, and DCO-OFDM obey a clipped Gaussian distribution as
where σ A , σ P , and σ D are the root mean square (RMS) of the unclipped ACO-OFDM, PAM-DMT, and DCO-OFDM signals, respectively. u(w ) denotes the unit-step function, δ(w ) is the Dirac delta function, and Q (·) is the tail probability of the standard normal distribution given by
As described in (4), the PDF of s HACO can be obtained by the convolution of the ACO-OFDM's and PAM-DMT's PDF [27] , which is given by
Similarly, as a result of the relationship in (5), the PDF of s ADO can be calculated by convolving the PDFs of ACO-OFDM and DCO-OFDM as [23] f s ADO 
In LACO-OFDM, the RMS of the unclipped signal for the l-th layer is denoted as σ l , i.e., σ
}. The PDF of 1-Layer LACO-OFDM is the same as the conventional ACO-OFDM shown in (8) . For 2-Layer LACO-OFDM, the PDF can be calculated as the convolution of two PDFs of the corresponding ACO-OFDM signals. Therefore, the PDF of s 2 is represented as
Moreover, the PDF of s 3 is given by
The PDF of other LACO-OFDM with higher layers can be obtained by recursive method, which can be mathematically formulated as
Near-Optimal Power Allocation for LACO-OFDM
In LACO-OFDM, different layers modulate different orthogonal subcarriers, therefore LACO-OFDM with different optical power distributions will lead to diverse BER performances. Without loss of generality, the QAM constellations utilized for all layers in LACO-OFDM are the same, whose orders are denoted as M . The BER performance of conventional ACO-OFDM can be represented as [28] , [29] 
where E s denotes ACO-OFDM electrical energy per subcarrier and N 0 represents noise power. In L -Layer LACO-OFDM, E s,l denotes the ACO-OFDM electrical energy per subcarrier in layer l (0 < l ≤ L ). Then, the BER performance of l-th ACO-OFDM is given by
where P b,l|1∼l−1 and P b,l|1∼l−1 denote the conditional probability of error given that the signals from the 1st layer to the (l − 1)-th layer have been demodulated wrongly and successfully, respectively. In general, due to the error propagation in the lower layers, the BER performance will be degraded in the LACO-OFDM with higher layers. However, under high SNR, the error propagation in the lower layers is negligible and the second term in (19) is approximately much smaller than P b,l|1∼l−1 and could be neglected [16] . Thus, the probability is approximately estimated as
Considering the fact that the l-th ACO-OFDM scheme utilizes N /2 l subcarriers together with Hermitian constraint, there are only N /2 l+1 independent complex input values. Therefore, the total BER performance for L -Layer LACO-OFDM can be derived as
The optimal power allocation can be obtained by minimizing the numerator in (21) with the constraint that the sum of the electrical power in the frequency domain from all layers is a constant, β, which is given by
Then, the method of Lagrange multipliers is applied to find the local minimum. In this case, the Lagrange function is represented as
As a result, the problem is converted by setting the partial derivatives of (23) as zeros, which is given by
As a result, based on (24) and (25), E s,l for each layer can be rewritten as
Since the λ, M , and N 0 are all the same for different l, the E s,l should also be the same for 0 < l ≤ L . Therefore, under additive white Gaussian noise (AWGN) channel, the optical powers of each subcarrier should be equally allocated in order to achieve the optimal BER performance. Considering l-th ACO-OFDM utilizes N /2 l subcarriers, the relationship between E s,l and σ l is given by
Therefore, the RMSs between two adjacent layers can be derived as
Thus, the relationship of RMS among different layers can be calculated as
which will be verified in the simulation section for detailed illustration. The PDFs of hybrid optical modulation schemes vary with the RMSs of the unclipped time-domain signal. As a result, the PDF would affect the optical and electrical powers, leading to different BER performances, which will also be evaluated in the following section.
Simulation Results
In this section, the optimal proportions of optical power among different layers in LACO-OFDM are achieved by simulation. Furthermore, the LACO-OFDM is analyzed and compared with hybrid ADO-OFDM and HACO-OFDM in terms of PDF and BER performances. Simulation results are presented under the condition that the proportion of the out-of-limit signals is 1%. The range for amplitude is between [0,1] after normalization. The BER performance of LACO-OFDM will vary with the proportions of optical power on different layers. Hence, several computer simulations are performed to determine the best power allocation according to the lowest required SNR for a BER of 10 −3 , denoted as < SNR > BER . 4QAM, 16QAM, 64QAM, and 256QAM constellations are used on the ACO-OFDM subcarriers. As shown in Fig. 3(a) , the 2-Layer LACO-OFDM achieves the minimum < SNR > BER when the proportion of the whole optical power on the 2nd ACO-OFDM is 1/(1 + √ 2) ≈ 0.41. For 3-Layer LACO-OFDM, variation of < SNR > BER with the proportion on the 3rd ACO-OFDM is demonstrated in Fig. 3(b) , where
. It can be seen that the optimal power allocation on the 3rd ACO-OFDM is 1/(1 + √ 2 + 2) ≈ 0.23, which verifies the power allocation criteria in (29) . In order that no more than 1% signals are out of [0,1] range, extensive computer simulations are carried out to find the proper parameters for the LACO-OFDM based on the relationship in (29) , where the simulation results are listed in Table 1 . Tables I and II . The probability of the LACO-OFDM signal with zero values in the time domain will decrease with the increment of the layer number, while the probability of the signal for lower values will raise, leading to the optical power augment. Due to the DC bias, the ADO-OFDM has a much higher optical power compared with the other two non-DC-biased schemes, which can be inferred from Fig. 4(a) . For LACO-OFDM, the PAPR performance is superior with a large number of layers due to the increase of average power, while the power increment becomes slow when the layer number is larger than 4. This can be explained by the small optical power proportion on the 5th ACO-OFDM, which is approximately 3.2% of the total power. Moreover, ADO-OFDM is shown to achieve the best PAPR, which is caused by the higher average optical power due to the DC-bias. As illustrated in Fig. 5 , minimum required normalized optical bit energy to noise power for a BER of 10 −3 , < E b(opt) /N 0 > BER , versus the average bit rate/normalized bandwidth for the ADO-OFDM, HACO-OFDM, and LACO-OFDM systems are simulated. The conventional ACO-OFDM and DCO-OFDM with 4QAM, 16QAM, 64QAM, and 256QAM are also included for comparsions. The results of the ADO-OFDM and HACO-OFDM are obtained using the parameters listed in Table 2 . Simulations of LACO-OFDM are performed with 4QAM, 16QAM, 64QAM, and 256 QAM for each layer. When the bit rate/normalized bandwidth is small, the < E b(opt) /N 0 > BER of ADO-OFDM is pretty higher than other schemes. This is because ADO-OFDM requires DC bias compared to other non-DC-biased schemes, which is not efficient in optical power, leading to the worst performance among hybrid schemes. Under low SNR, for LACO-OFDM with higher layer, the limited signal powers are allocated to more layers, resulting in high BER. Thus, the LACO-OFDM with higher layers have worse performance in high noise level scenario. It can be seen that when the noise level is high, HACO-OFDM could have similar performance as LACO-OFDM with 2 layers, while 2-Layer LACO-OFDM also have better performance than that with higher layers, which is demonstrated in Fig. 5 when the bit rate/normalized bandwidth is less than 2. When the bit rate/normalized bandwidth is around 3.5, 3-Layer LACO-OFDM is shown to be the optimal scheme. Under this SNR condition, the 3rd layer can improve the optical power efficiency with little loss of BER performance. It can also be seen that the < E b(opt) /N 0 > BER performance of LACO-OFDM increases when the layer number raises from 2 to 4, which also outperforms the conventional ADO-OFDM and HACO-OFDM considering the bit rate/normalized bandwidth more than 4. The performance of 4-Layer LACO-OFDM is almost the same as that of 5-Layer LACO-OFDM when the bit rate/normalized bandwidth is larger than 5. Considering the error propagation in the lower layers, the BER performance will be degraded for LACO-OFDM with higher layers. Thus, the 5-Layer LACO-OFDM does not show superiority compared with 4-Layer LACO-OFDM in terms of BER performance. In L -Layer LACO-OFDM, the computational complexity at the transmitter would be (2 − 1/2 L −1 )O(N log 2 (N )) and that would be (5 − 1/2 L −3 )O(N log 2 (N )) at the receiver [16] . Thus, 4-Layer LACO-OFDM has lower complexity than 5-Layer LACO-OFDM. For synthetical consideration of the performance and complexity, 4-Layer is shown to be the optimal option for LACO-OFDM when the noise level is low. In summary, the optimal layer number of LACO-OFDM varies with the bit rate/normalized bandwidth, which means the best modulation scheme depends on the environment.
